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INTRODUCTION 

S t a b i l i t y  of  s y n f u e l s  i s  an impor tan t  c o n s i d e r a t i o n  i n  d i r e c t  u t i l i z a t i o n  
o r  upgrading p r o c e s s e s .  The tendency of  s y n f u e l s  t o  form gums and s e d i -  
ments and t o  i n c r e a s e  i n  v i s c o s i t y  poses  a s e r i o u s  de t r iment  i n  handl ing  
procedures  and burning e f f i c i e n c y .  Recent ly ,  i n v e s t i g a t o r s  have s t u d i e d  
t h e  aging c h a r a c t e r i s t i c s  of  s h a l e  (1) and coa l -der ived  l i q u i d s  (2-5) 
i n  an a t tempt  t o  i d e n t i f y  t h e  r e a c t i v e  components and t o  p o s t u l a t e  
mechanisms. I n  ag ing  s t u d i e s  of  a S y n t h o i l  p roduct  i n  an oxygen atmos- 
phere ,  t h e  v i s c o s i t y  i n c r e a s e  w a s  accompanied by a decrease  i n  t h e  con- 
t e n t  o f  o i l  components and i n  i n c r e a s e  i n  the  conten t  of benzene- inso l -  
ub le  components ( 4 ) .  S i m i l a r  r e s u l t s  were observed i n  a s tudy  o f  a 
SRC I/SRC I1 blend  aged by bubbl ing oxygen d i r e c t l y  i n t o  t h e  sample ( 6 ) .  
These s t u d i e s  f n d i c a t e  t h a t  dur ing  o x i d a t i v e  degrada t ion ,  the o i l  com- 
ponents  ' r e a c t  t o  form benzene- inso luble  components which are p r i m a r i l y  
r e s p o n s i b l e  f o r  t h e  i n c r e a s e d  v i s c o s i t y .  

The o x i d a t i v e  degrada t ion  of  a SRC-II middle  d i s t i l l a t e ,  which i s  an o i l ,  
f r e e  o f  a s p h a l t e n e s  and benzene- inso lubles  w a s  i n v e s t i g a t e d  i n  t h i s  
s t u d y .  The o b j e c t i v e  w a s  t o  determint. t h e  molecular  types  of  compounds 
r e s p o n s i b l e  f o r  t h e  v i s c o s i t y  change and p o s t u l a t e  mechanisms. S i n c e  
t h e  middle d i s t i l l a t e  i s  r e l a t i v e l y  s t a b l e  t o  o x i d a t i v e  d e g r a d a t i o n ,  
copper shavings were added t o  a c c e l e r a t e  t h e  p r o c e s s .  

EXPERIMENTAL 

SRC I1 middle d i s t i l l a t e  ( b . p .  range ,  170-276OC) from I l l i n o i s  n o .  6 
c o a l  was obta ined  from Gulf R&D C o . ,  and from a process  r u n  o p e r a t e d  a t  
2000 p s i  hydrogen p r e s s u r e  a t  454OC f o r  1 h r  r e s i d e n c e  t ime.  The c o a l  
l i q u i d  was p laced  i n  a 3-necked f l a s k ,  equipped w i t h  a gas  bubbl ing  
i n l e t  and a condenser  t o  minimize t h e  l o s s  of v o l a t i l e s .  Oxygen w:s 
bubbled through t h e  sample (1-2 ml/min) and copper shavings ,  2 w t  t o ,  

were added t o  a c c e l e r a t e  t h e  degrada t ion .  The f l a s k  was immersed i n  a 
thermosta t  b a t h  a t  620C. and samples were withdrawn a t  time i n t e r v a l s ,  
f o r  v i s c o s i t y  and o t h e r  measurements. 

Separa t ion  of Aged Coal Liquid  i n t o  Pentane-Soluble  and Pentane- Inso l -  
ub le  Components : 

Pentane ,  20- fo ld  by volume, w a s  added t o  t h e  aged c o a l  l i q u i d ,  mixed 
(magnetic s t i r r i n g  b a r )  f o r  1 h r  a t  room temperature  and then  f i l t e r e d  
through a 0 .5  micron m i l l i p o r e  s t y r e n e  membrane. The p r e c i p i t a t e  w a s  
d r i e d  i n  a vacuum oven a t  800 f o r  1 2  h r  t o  remove pentane (94% of  t h e  
p r e c i p i t a t e  i s  s o l u b l e  i n  benzene) .  Pentane from t h e  pentane-so luble  
f r a c t i o n  was remove? by  d i s t i l l a t i o n  a t  4OOC. The sample was t h e n  sub- 
j e c t e d  t o  r o t a r y  evapora t ion  a t  700 f o r  5 rnin t o  i n s u r e  complete  removal 
of  pentane.  

INSTRUMENTATION 

V i s c o s i t y  d a t a  were o b t a i n e d  a t  300 u s i n g  a Brookf ie ld  S y n c h r o l e c t r i c  
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viscometer  w i t h  a s m a l l  Sam l e  a d a p t o r .  I n f r a r e d  s p e c t r a  o f  CS s o l u -  
t i o n s  (5g/L) i n  a 5 mm K B r  P i q u i d  c e l l  were o b t a i n e d  w i t h  a Becgman 
IR-20 spectrometer. 
MHz spec t rometer  a s  CDC13 s o l u t i o n s  w i t h  TMS as i n t e r n a l  r e f e r e n c e .  
G e l  permeat ion chromatograms were o b t a i n e d  w i t h  a Waters HPLC and t h r e e  
p - s t y r a g e l  columns i n  s e r i e s :  103, 500, and 100 A us ing  THF as s o l v e n t  
a t  a flow ra te  o f  1 ml/min.  

NMR s p e c t r a  were o b t a i n e d  w i t h  a 6o-MHz o r  600- 

RESULTS AND DISCUSSION 

V i s c o s i t y  of  t h e  c o a l  l i q u i d  i n c r e a s e d  e x p o n e n t i a l l y  w i t h  t i m e  when aged 
a t  62OC w i t h  oxygen and copper .  
620 does n o t  a f f e c t  t h e  v i s c o s i t y  i n  a 5-day p e r i o d .  Thus, t h e  loss  of 
v o l a t i l e s  which undoubtedly occurs  w i t h  oxygen bubbl ing through t h e  
sample does not  c o n t r i b u t e  t o  t h e  observed v i s c o s i t y  change. 

I n f r a r e d  s p e c t r a  of d i l u t e  s o l u t i o n s  of  t h e  c o a l  l i q u i d  b e f o r e  and a f t e r  
ag ing  5 days a t  620 w e r e  ob ta ined .  The unaged c o a l  l i q u i d  shows a prom- 
i n e n t  f r e e  hydroxyl  s t r e t c h i n g  band a t  3600 c m - 1 .  The i n t e n s i t y  of t h i s  
band i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by ag ing  w i t h  copper o r  oxygen a l o n e .  
Aging w i t h  both copper  and oxygen, however, reduces  t h e  i n t e n s i t y  of 
t h i s  band. This  i n d i c a t e s  t h a t  t h e  hydroxyl  group i s  modif ied d u r i n g  
a g i n g .  

The unaged c o a l  l i q u i d  i s  completely s o l u b l e  i n  pentane .  A f t e r  ag ing  
5 d a y s ,  30% of t h e  aged  c o a l  l i q u i d  becomes i n s o l u b l e  i n  pentane .  
T h e r e f o r e ,  pentane w a s  used t o  s e p a r a t e  t h e  aged material  i n t o  two f r a c -  
t i o n s :  t h e  p e n t a n e - s o l u b l e  and pentane- inso luble  f r a c t i o n s .  

Comparison of t h e  60 MHz NMR s p e c t r a  of  t h e  c o a l  l i q u i d  b e f o r e  and a f t e r  
ag ing  4 days shows t h a t  f o r  t h e  aged pentane-so luble  f r a c t i o n :  (a )  there 
is a decrease i n  t h e  i n t e n s i t y  of t h e  s i g n a l  a t  2 . 3  ppm a t t r i b u t e d  t o  t h e  
methyl  pro tons  a t t a c h e d  t o  b e n z y l i c  groups ,  (b) t h e  hydroxyl  s i g n a l  a t  
5 ppm i s  a b s e n t ,  and (c )  t h e  h i g h e r - f i e l d  a romat ic  s i g n a l s  from 6 . 3  t o  
6 . 8  ppm are a l s o  a b s e n t .  The 600-MHz s p e c t r a  of t h e  unaged c o a l  l i q u i d  
and i t s  a c i d - f r e e  f r a c t i o n  (obta ined  by i o n  exchange Chromatography) a r e  
p r e s e n t e d  i n  F i g .  1. The a c i d - f r e e  spectrum i s  i d e n t i c a l  t o  t h a t  of t h e  
aged pentane-so luble  f r a c t i o n  (not  shown). Obviously,  dur ing  ag ing ,  
a c i d i c  methyl s u b s t i t u t e d  phenols  a r e  modif ied and a r e  no longer  s o l u b l e  
i n  pentane .  

The g e l  permeat ion chromatographv o f  t h e  unaged c o a l  l i q u i d  shows t h r e e  
peaks ( r e t e n t i o n  t i m e s  of  -28,  23 and 30 min.)  A f t e r  ag ing  f o r  t h r e e  
days ,  p r o f i l e s  of  t h e  pentane-separa ted  f r a c t i o n s  (F ig .  2) show t h a t  t h e  
aged pentane-so luble  f r a c t i o n  ( t o p ) ,  which c o n s t i t u t e s  70 w t  Z o f  t h e  
aged c o a l  l i q u i d ,  c o n t a i n s  components which e l u t e  a t  29 and 30 min. Com- 
ponents  o f  t h e  unaged c o a l  l i q u i d  which e l u t e  a t  23 n i n  a r e  no longer  
p r e s e n t  a f t e r  ag ing .  
t h e  unaged c o a l  l i q u i d  ( i s o l a t e d  by ion-exchange chrora tography)  a l s o  
e l u t e  a t  28 min. The p r o f i l e  of  t h e  pentane- inso lubleZrac t ion  (F ig .  2 
bottom) shows t h a t  t h i s  f r a c t i o n  i s  composed of l a r g e  n o l e c u l a r  s i z e  
components. These r e s u l t s  sugges t  t h a t  t h e  p o l a r  c o n s t i t u e n t s  o f  t h e  
c o a l  l i q u i d  a r e  r e a c t i n g  dur ing  ag ing  t o  form l a r g e  molecular  aggrega tes  
which a r e  p e n t a n e - i n s o l u b l e .  

The c o a l  l i q u i d  was a l s o  e n r i c h e d  10 w t  % w i t h  a c i d i c  and b a s i c  f r a c -  
t i o n s  which were i s o l a t e d  by ion-exchange chromatography. The e f f e c t  of 
t h e s e  a d d i t i v e s  on  t h e  format ion  of p e n t a n e - i n s o l u b l e  material is shown 
i n  Table  1. The e n r i c h e d  c o a l  l i q u i d s  were aged a t  62OC f o r  1 day w i t h  
oxygen and 1% copper .  

Aging w i t h  copper o r  oxygen a l o n e  a t  

A s  comparison, t h e  a c i d i c  and b a s i c  components of  

C l e a r l y ,  enrichment w i t h  the a c i d  I1 f r a c t i o n  
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y i e l d s  t h e  l a r g e s t  amount of p e n t a n e - i n s o l u b l e  material (46 w t  % ) .  
a c i d - I 1  f r a c t i o n  c o n s i s t s  of a l k y l  s u b s t i t u t e d  p h e n o l s ,  t h e  base  I1 
f r a c t i o n  c o n t a i n s  q u i n o l i n e  t y p e  compounds and t n e  a c i d 1  f r a c t i o n  con- 
t a i n s  c a r b a z o l e s ,  i n d o l e s ,  a n i l i n e s  and xylenols  (5). 

The e lementa l  composition of t h e  c o a l - l i q u i d  b e f o r e  and a f t e r  aging 4 
days i s  p r e s e n t e d  i n  Table  2 .  The aged pentane-so luble  f r a c t i o n  con- 
t a i n s  23;b l e s s  oxygen and 50% less n i t r o g e n  than  t h e  unaged c o a l  l i q u i d .  
The decrease  i n  oxygen c o n t e n t  i s  c o n s i s t e n t  w i t h  IR,  NMR, and GPC re- 
s u l t s  showing a r e d u c t i o n  i n  t h e  amount of phenol ic  compounds dur ing  
ag ing .  The l a r g e  amount of  oxygen conta ined  i n  t h e  p e n t a n e - i n s o l u b l e  
f r a c t i o n  i n d i c a t e s :  (a )  oxygen c o n t a i n i n g  compounds of t h e  c o a l  l i q u i d  
have been c o n c e n t r a t e d  i n  t h i s  f r a c t i o n  and (b) t h e  oxygen bubbled i n t o  
t h e  c o a l  l i q u i d  h a s  been i n c o r p o r a t e d  i n t o  t h e  s t r u c t u r e  of t h i s  f r a c -  
t i o n .  This  i s  confirmed i n  FTIR s p e c t r a  (not  shown). The i n c r e a s e d  
n i t r o g e n  c o n t e n t  of  t h e  pentane- inso luble  f r a c t i o n  i n d i c a t e s  t h a t  
n i t r o g e n  c o n t a i n i n g  compounds are involved i n  the  ag ing  r e a c t i o n .  

S i g n i f i c a n t  c h a r a c t e r i s t i c s  of  the aged pentane-so luble  f r a c t i o n  a r e  
t h a t  t h e  v i s c o s i t y  and t h e  atomic H J C  r a t i o  a r e  s i m i l a r  t o  t h o s e  o f  t h e  
unaged c o a l  l i q u i d ,  b u t  t h e  oxygen and n i t r o g e n  c o n t e n t s  a r e  l e s s  (Table 
2 ) .  A low heteroatom content  i s  r e q u i r e d  i n  syncrude upgrading pro-  
cedures  t o  prevent  f o u l i n g  of t h e  c a t a l y s t .  Our experiments  have shown 
t h a t  a r e d u c t i o n  i n  heteroatom c o n t e n t  can be achieved w i t h  m e t a l l i c  
copper under mi ld  c o n d i t i o n s .  

The r e s u l t s  of  t h i s  s tudy  sugges t  t h a t  a t  l e a s t  one of  t h e  ag ing  r e a c -  
t i o n s  i s  t h e  s e l e c t i v e  polymer iza t ion  of phenol ic  compounds. I n c o r -  
p o r a t i o n  of oxygen and polymer iza t ion  of n i t r o g e n  compounds a l s o  o c c u r .  
I n  o x i d a t i v e  coupl ing  of phenols ,  -OH groups g ive  way t o  e t h e r  l i n k a g e s ,  
i n  t h e  formation of polymers. The d i s t i n c t l y  s m a l l e r  r e t e n t i o n  t ime of  
t h e  pentane- inso lubles  i n  t h e  GPC p r o f i l e s  and t h e  i n c r e a s e d  VPO molecu- 
l a r  weight  of  t h e  p e n t a n e - i n s o l u b l e s  a r e  c o n s i s t e n t  w i t h  t h e  format ion  
of polymers. 

The 
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Table 1. Aging of Enr iched  Coal L iqu ids  

(6ZoC, 1% Cu, 0 2 ,  1 Day) 

Pentane  Inso lub le s  

I11 #6 
10% Acid-Free Enriched 
10 Acid I Enr iched  
10% Acid I1 Enr iched  
10% Base I1 Enr iched  

14% 
10 
11 
46 
12  

Tab le  2 .  Elemental Composition and C l i a rac t e r i za t ion  
o f  SP.C I1 Yiddle  D L s t i l l a t e ,  Before and  
A f t e r  Aging 4 days ,  2 w t  % Copper and Oxygen 
a t  62OC 

Unaged Aged Pentme-Soluble Aged Pentane-Insolubles 

C 85 .58  86,. 67 
H 9.12  9 . 3 3  
N 0 .85  
0 4.29  
s 0.19  

0 .43  
3 .31  
0.27 

75.48 
6.00 
1 .80  

12 .78  
0 .27  

100 .03  1 0 0 . 0 0  96.29 

Copper 
MW 172* 

Viscos i ty+  4 . 3  
Atomic H j C  1 . 2 8  

170** 
3 .6  
1 .28  

2 . 7  
5 70*"* 

0.96  

*VPO method, t o l u e n e ,  37OC 2-15 g / l  

***VPO method, p y r i d i n e ,  8 6 0 C .  4-7 g / l  
+Cen t ipo i se  a t  30OC 

* W P O  method, methylene c h l o r i d e ,  280C, 4-7 g / l  
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